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RATIONAL ADVISORY COMMITTEE FOR AFRONAUTICS

RESEARCH MEMORANDUM

EFFECT OF FUELS AND FUEL-NOZZLE CHARACTERISTICS ON PERFORMANCE
OF AN ARNULAR COMBUSTOR AT SIMULATED ALTITUDE CORDITIORS

By Richard J. McCafferty

SUMMARY

As part of a program to study the effecta of fuel volatility,
fuel composition,and fuel-injection-nozzle characteristics on the
combustion performance of turbojet-englne combustors, an Investl-
gation was made with an ammular combustlion chamber operating under
conditions simulating zero-ram operation of a turbojet engine at
various altitudes and engine rotor speeds. The six fuels investl-
gated included hydrocarbons of the paraffinic and aromatic classes
having a boiling range from 104° to 664° F. They were lscheptanes,
AR-F-28, AN-F-32, Diesel o0ll, benzene, and & high bolling aromatic
(solvent 4). The fuel-in,jection nozzles investigated had capacities
of 2.0, 3.0, 7.5, 10.5, and 17.5 gallons per hour. Investigations
were ma.de wherein the combustor-inlet-alr conditions were each
altered independently from conditions near the altitude ceilings.

A low-boiling-temperature fuel of either the aromatic or
paraffinic clapses gave higher altitude operational limits at low
. engine rotor speeds whereas & high-boiling-temperature fuel gave
higher operational limits at high engine rotor speeds. Combustion
efficlencies at various altitudes at constant engine rotor speeds
indicated that the low-bolling-temperature fuels of both oclasses
gave higher combustion efficienciee throughout the range of opera-
tional altitudes except near the altitude operational limits of
these fuels,

The lower-bolling-temperature paraffinic fuels produced lower
values of maximum obtainable temperature rise at severe operating
conditions than did the higher boiling paraffinic fuels, but for
fuel-air ratios below the point where these maximum values occurred
the low-boiling-temperatures paraffinic fuels gave better combuastion
efficlencies,

A reduction in fuel-nozzle size resulted in increased combustion

efficiency of the two fuels, AN-F-28 and Dlesel oil, at low heat-
input or temperature-rise values dut produced lower temperature-rise
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limits. Performance was better with the larger nozzles at high temper-
ature-rise rangea. In general, an optimm fuel-pressure differential
(best nozzle capecity for a given temperature rise) exists for AN-F-28
or Diesel-oil.fuel that providea a wide operating range of temperature
rise at relatively good efficlencies for the sets of altitude operating
conditions investigated.

INTRODUCTION

A program to investigate the effects of fuel volatility and
hydrocarbon type on turbojet engine performance and to obtain data
for devising an adequate method of rating fuels for any turbojet
combustor type has been initiated at the NACA Cleveland laboratory.
In the first phase of this iInvestigation (reference 1), results
obtained with a full-scale turbojet engine operating.at sea-~level
static conditions indicated that neither fuel wolatility nor hydro-
carbon type had any appreciable effect on the combustion efficiency
or thrust of the engine. However, a further investigation (refer-
ence 2) revealed differences in relative combustion efficiency among
fuels operating in a single combustor at an altitude of 45,000 feet
and indicated that combustion effliciency decreased with an increase
in fuel boiling point and was relatively unaeffected by difference
in bydrocarbon type, except that arometic fuels exhibited slightly
lower efficlencles than the other classes. The investigatlon of
reference 2 was made with a constant-area fuel~injection nozgle
with the result that the fuel-spray characteristics changed with
fuel type and with operating conditions.

The deta of the present report show the effect of fuel-injection-
nozzle characteristics on the variation of combustor performance with
fuel volatility and hydrocarbon type for an anmiler combustlion chamber
operating at simulated conditiona of zero ram throughout the altitude -
engine-rotor-speed range. The data are presented as being indicative
of general trends and phencmens applylng to gas-turbine combustors.
The engine conditions are therefore glven in terms of grades of alti-
tude (altitude 4in £t divided by & constent) eand percentages of the
nilitary-rated engine speed. The effect of combustor-inlet perameters
(temperature, pressure, and velocity) on combustor performence with
verious fuels was determined st operating conditions encountered neax
the altitude celling of the englme. Cambustor performence character-
istice that were Investlgated Included altitude operational limits,
combustion efficlencies, limits of obtainable mean temperature rise,
and pressure loss. The six fuels that were studlied included fuels
representing paraffin and aromatic classes of hydrocarbons encom-
passing a wide range of fuel bolling points. The selection of fuels
was limited to only those readily obtelnable in quantity. Informa-
tion on the combustion behavior of the fuels 1s alsc included.
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APPARATUS AND INSTRUMERTATION
Combuator

A diagrammatic cross section of the combustor installation is
shown in figure 1. The combustor in the 19XB-1 engine, which is the
gsame as the 19B combustor, is approximately 19 inches in diameter and
£ills the annular space around the compressor-turbines shaft of the
19XB-1 turbojet engine. A description of an early design of the com-
bustor, which was also used throughout most of the investigation
reported herein, is given in reference 3. The basket of this combustor
will be referred to in this report as basket 1. For part of the
investigation a new inner liner different from the original one was
used. The new liner had four additional rows of 7/16-inch holes
drilled into the outer shell of the original liner near the downstream
end between the existing rows of holes and 576 ocne-eighth inch holes
located on the converging portion of the outer liner shell at the
extreme downstream end of the combustor. These additional holes resulted
in an open-hole-area increase of 9 percent more than the origimal liner.
The besket of thls combustor will be designated as basket 2.

Installation

A diagram of the general arrangement of the installation is shown
in figure 2. The combustor was comnected to the laboratory air
supply and exhaust systems, and the air guantities and pressures were
reguleted by remote-control valves. The exhaust gases were cooled by
means of water sprays in the vertical exit pipe. As some of the fuels
studied were very difficult to ignite, en additlonal fuel lins was
connected to the bottom of the fuel manifold to supply AN-F-22 fuel
for initiating combustlion.

For regulation of inlet temperatures, a portion of the alr yas
burned with gasoline in a preheater and then mixed uniformly with the
rest of the air upstream of the combustor. The preheater was operated
at conditions giving efficient combustion in order to minimize contam-
ination of the air by combustibles. The use of such a preheater to
produce a 200° F rise in the inlet temperature results in a consump-
tion of 3.9 percent of the oxygen, an increase in the cerbon-dioxide
content of the inlet air by 0.80 percent of the total air weight, and
an increase in the moisture content by 0.36 percent of the total air
welght,

The inlet and outlet ductes were fabricated to simmlate the dimen-
sions and contours of the engine ducts leading to and from the com-
bustor. Figure 1 shows the longitudinal cross sectlon of the combustor
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and adjacent duoting and indicates the location of instrumentation
planes, Observation windows for viewlng the combustion were provided
in the combustor housing as shown in figures 2 and 3, Another obser-
vation window, located in the vertical exit pipe (fig. 2), provided

an end view of the inaide of the combustor. -

Temperature and wvelocity profiles at the combustor inlet were
made uniform by first introducing turbulence to mix the air thoroughly
with the exhaust gags from the preheater and then removing the turbu-
lence in a calming chamber. (See fig. 2.) Maximum differences between
local inlet temperatures and the mean temperatures were about 5° F,
The maximm and minimm inlet velocities deviated by about 5 percent
from the mean velocity for most runs. The 24 fuel nozzrles in the com-
bustor were calilrated and replaced when necessary; these nozzles were
well matched, having maximm deviations of *+ 3 percent from the mean
fuel dellivery when Individually ocalibrated at a pressure differential
of 100 pounds per square inch.

Instrumentation

The thermocouple Jjunctions and the pressure taps in each instru-
mentation plans were located at centers of equal areas, as shown in
figure 4. The letter positions at all instrumentation planes are
arranged clockwiee as ssen looking upstream, A tabulation of the
number and type of instruments at each plane follows:

Ingtrumentation plane
2 3

Number Probes Total | Number Probes Total
Ingtruments of per number | of per number

rakes rake of rakes rake of
probes probes
Thermocouples 8 1l 8 16 3 48
Total-pressure tubea| 4 4 16 8 4 32
Wall-statlic preasure S _ 4

orifices

Instrumentation plane 2 is located at the combustor inlet, which has
& oross-sectional area of 0.647 square foot; instrumentation plane 3
is at the combustor outlet where the annular cross-sectional area is
0.858 square foot. The pressure taps at plans 3 were located 1 inch
downstream of the thermocouple rakes. Construction details of the

temperature and pressure-measuring instruments are shown in figure 5.

eee ”
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Pressure datae were obtained by photographing manometers. The
thermocouples were comnected through mmltiple switches to two cali-
brated self-bealancing potentiometers, one with a range of -100° %o
700° F to record the inlet-air temperatures and one with a range
of 0° to 2400° F to record the outlet-gas temperatures. Xusl flows
to the combustor and preheater were metered separately with calibrated
rotameters. The pressure differentizl across the fuel nozzles was
measured when possible by a 50-inoh mercury manomester; higher pressure
differentials were dsterminsd by obtaining the fuel manifold pressure
with & gage that has a 1imit of 100 pounds per sgusre inch and cor-
recting for the combustor-inlet-air pressure. The alr flow to the
combustor was metered by a sguare-edge orifice installed according
to A.S.M.E, specifications and located upstream of all regulating
valves,

Fuels

Dete on the physical properties and approximate chemical compo-
sition of the six test fuels are given in table I. Benzens and sol-
vent 4 represent two aromatic fuels with different bolling pointa.
Benzene and ischeptanss are simlilar-bolling-point fuels representing
aromatic and paraffinic types of organic compounds. AN-F-28, AN-F-32
(Jp-1), and Diesel oil are fuels of the paraffinic class with amall
percentages of aromatic-hydrocarbon constituents having a wide range
of boiling points (104°-684° F).

FROCEDURE

Program

The program was divided into these principal Investlgations:
() determination of altitude operational limits of the
combustor equipped with standard 10.S5-gallon-per-hour nozzles
operating with six fuels; (b) determination of altitude operatiomal
limits of the combustor with AN-F-28 fuel for four different-capaclty
fuel-injection nozzles; (c) determination of combustion efficlencies
at various altitudes for two engine rotor speeds with six fuels;
(d) determination of the effect on combustion efficiency and temper-
ature rise for the six fuels by varying combustor-inlet-air temper-
ature at two conditions of altitude and engine rotor speed; (e) deter-
mination of the effect on combustor performancs for AN-F-28 and Diesel-
oil fuels at two conditions of altitude and engins rotor speed by
varying inlet-air temperature while operating with different-capacity
fuel nozzles and maintaining constant spray angle, and while operating
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with different spray angles and maintaining constant nozzle capacity;
(£) determination of the effect on combustor performence for AN-F-28
and Diesel-oll fuels by varying Inlet-air stetic pressure while oper-
ating with several different-capeclty nozzles et conditlons similating
engine operation at a maximum engine rotor speed and an altlitude nesr
the operational limits;. and (g) determination of the effect on com-
bugtion efficlency and temperature rise with AN-F-28 and Diesel-oll
fuels of varying the combustor-inlet velocity operating with standard
capaclty nozzles at conditions simuleting engine operation &t a mexi-
mum engline rotor speed and an altitude near the operationsal limits.
All these investigations were made with basket 1 and investigation (g)
was repeated with basket 2.

Egtimated combustor~inlet-eir conditions and combustor-outlet-
gas temperatures corresponding to zero-ram operation for the 19XB-1
englne at various altitudes and engine rotor speeds wexre supplled by
the mamufacturer. These date were used to set the cambustor oper-
ating conditions necessery to similate engine opexration at any desired
altitude and engine rotor speed.

Altitude Operational Limits

In order to determine the altitude operational limits with any
fuel or nozzle capaclty, the combustor was operated with inlet con-
ditions of air flow, pressure, and temperature simulating engine
operstion at various altitudes and engine rotor speeds. For each
similated altitude and engine-rotor-speed condition,the fuel flow
was varied through a wide range In an attempt to obtain the combustor-
outlet temperature required for nonaccelerating engine operation. All
combustor-outlet temperatures were obtalned by averaging individual
thexmocouple readings. If the required combustor-outlet temperature
could be obtained, the simulated aliitude and engine-rotor-speed con-
dition was considered wlthin the operational range of the engine; if
the required combustor-outlet temperature was uncbteinable, the simu-
leted altitude and engine-rotor-speed condition was considered within
the nonoperational range of the enginse. In order to obtain general
combustor-performance Information, data were usually recorded as each
of the following events occurred: (1) A combustor-outlet temperature
was obtained that was egual to or slightly above the nonaccelerating-
engine requlirement; (2) a maximum obtainable value of combustor-outlet
temperature was reached; (3) some local outlet temperatures exceeded
the potentiometer limit (2400° F) and were considered unsafe for the
Ingtrumentation, making further increase in fuel flow inadvisable;
and (4) combustion ceased (blow-out). The sequence and number of these
events varied for different points.

933
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Conbustion Efficiencles

The combustor was operated with all six fuels over an extensive
range of altitudes and englne speeds to obtain combustion efficlencles.
Various sltlitude conditions at two engine rotor speeds (40 end 80 per-
cent of rated engine speed) were selected for study and the ailr flow,
pressure, and temperature &t the combustor inlet were maintained
constant. The Fuel fliow was altered to glive an ocutlet-gas teumpera-
ture approximately equel to thet required for nonaccelerating-engins
operation. The combustor-outlet temperature was difficult to
estimate because the ontlet tempersture distribution wes nommiform;
data were therefors usually recorded at two oxr more fuel flows that
gave cambustor-cutlet temperatures slightly ebove and slightly below
the required value. An interpolation wes then made between the com-
bustion efficlencles for these outlet temperatures to obtalin the com-
bustion efficlency for a combustor-outlet temperature equal to the
nonaccelerating-engine requirement.

Effect of Combustor~-Inlet Condltions on Performence

In order to determine the effect of the inlet variebles on com-
bustor performance, two altitude ~ englne-rotor-speed conditions were
chosen sllghtly below the altitude operetional limits (as obtained
with AN-F-28 fuel); one was In the low-engine-rotor-speed range and
the other was in the high-speed range. These two condltlons will
hersinafter be referred to as point A and point B, respectively.

The combustor inlet conditions for polnts A and B are as follows:

Point
Combustor Inlet alr A B
Statlc pressure, 1b/eq In. 2bsolute « « « o o« ¢ o o 9.8 7.7
Tememm’ OF L ] L 3 L ] L ] L ] L] L] - - - L] - [ 3 L) L] * L ) * 240 35
ve:LOCity, ft/BeG L] L ] L L] e L ] L L] [ L] L] L] L] * * * L] 200 160
Required temperature rise, OF « « « ¢ ¢« o« « « « « 21180 635

These conditions were severe enough to bring out any differences in
combustion performance between the fuels end the nozzles studled. The
combustor-inlet pressure, veloclty, and temperazture were melintained at
velues simmlating engine operation &t polnt A or B, the fusl flow was
altered, and data were teken at each of several fuel-eir ratios. 1In
general, the fuel-air reatlo was Iincreased until the local cambustor-
outlet temperatures became too high for sefe operetlion or until blow-out
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occurred. One of the three combustor-inlet parameters was then set

at some new value, the other two parameters were maintained at the
originel velues, and the fuel flow was agaln altered. This procedure
was continued until each of the perameters had been varied independently
of the others for each of the different fuels and fuel-injectlion nozzles
investigated.

Methods of Calculation

: The average dynamic pressures at instrumentation planes 2 and 3
were computed from the average velocities at these stations determined
from the sir flow, fuel flow, and the averasge temperatures and static
pressures measured at these instrumentetion planes. The total-pressure
drop acrocas the combustor was obtalned as follows: Static pressures
were meesured, the dynamic pressures based on the average velocity at
the respective statlions were added to these values to give total
prosgures at the combustor inlet and outlet, and the difference between
these values was taken as the total-pressure drop across the combustor.

The combustion efficlency is arbitrarily defined as the ratio of
the actual total temperature rise to the theoretical riee in total
temperature possible with the fuel and fuel-alr ratio used. The charts
of reference 4 were utilized for these computations. The thermocouple
indications were taken as true values of the total temperatures with
no corrections mede for radlation or stagnation effects.

RESULTS AND DISCUSSION
Altitude Operational Limits

Effect of fuel characteristics., - Altitude operational limits of
the anrmler combustor are presented in figure 6. The curves separate
the region where the combustor-outlet temperatures attainable were
sufficient from the reglon where the cambustor-cutlet temperatures
attainable were insufficient for nonmaccelerating operation of the
engine. At a simulated speed of S5O-percent rated engine rotor speed,
solvent 4 gave the lowest operational celling of the fuels tested,
and benzene gave the highest ceiling. At S5 percent rated engine
rotor speed, the lowest ceilling existed with molvent 4 and the
highest with AN-F-32 fuel. Diesel oll gave a higher altitude celling
than AR-F-28 fuel in the high-engine-rotor-gspeed range but a lower
ceiling in the low-rotor-speed range. These altitude operational
limits were cbtained with conditlons simulating zero flight vel-
ocities. In flgure 6 are alsc shown the altitude - engine-rotor-
gpeed points A and B.
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These results indicate that a low-boiling-temperature fuel,
whether it be arometic or paraffinic, gives better altitude perform-
ance in the low-engine-rotor-speed range (40 to SO percent rated
speed) than a high-boiling-temperature fuel. The reverse is true s
however, in the high-speed range (85 to 100 percent rated speed)
with the higher-boiling-temperature fuels producing in most ceses
higher operational cellings. Exceptions are the AN-F-28 fuel
1imlite occurring below the i1soheptanes and benzene limits in the
high-speed renge and the limits obtained with solvent 4 felling
several thousand feet below the other 1limits regerdless of engine
sypeed.

Effect of injection-nozzle orifice area. - Altitude operational
limits with four different-capacity fuel nozzles using AN-F-28 fuel
are presented in figure 7. The 3.0-gallon-per-hour nozzles produced
the lowest celling In the high-rotor-speed range whereas the
17 .5-gallon=~per~hour nozzles geve the lowest limits in the low-rotor-
speed range. When the combustor was opersating with 17.5-gallon-per-
hour nozzles in the low-rotor-speed renge, the combustor-outlet tenm-
perature required for engine operation could be attained 2000 to
3000 feet above the limlt curve as shown for this nozzle in figure 7.
The combustion was unstable, however, and would cease (blow-out) in
this region. Combustlon near the altitude operational 1limits was
more stable when the combustor was operating wlth 3.0-gallon-per-
hour nozzles rather then with 10.5-gallon-per-hour nozzles (standsxd
nozzle size for this combustion chamber) but the maximmm temperature
rise attalnable would be reached at lower fuel-air ratlos with
3.0-gallon-per-hour nozzles than with 10.S-gallon-per-hour nozzles.
A more detailled explanation will be presented later in thils report.

Combustion Efficlencies

Results of the combustion-efficiency investigation are shown in
figure 8. The effect of increasing altitude at constent engine rotor
speeds of 40 and 80 percent reted speed on the ccmbustion efficlency
for the six fuels is presented. Combustion efficlency decreased
with increasing altitude at constant engine rotor speed for all the
fuels investigated. AN-F-28 fuel produced the hest combustion
efficlency of the six fuels up to altitudes neer the operational
1limits; at these altitudes the cambustion efficlency of all the
fuels decreased very rapidly end combustlion ceased with further
increasge in altitude.

In general, cambustion efficlency decreased with increase in
fuel boiling temperature for both types of fuel investigated except
near the altitude operational limits.
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If the efficlency curves are extrapolated to sea level for the
80-percent-rated-speed condition, all the date converge close to
100-percent efficiency and show very little differences in combus-
tlon efficiency with each fuel. Previous work on a full-scale
engine operated at sea level with a high engine rctor speed has
shown no appreciable dlfference between the performance with these
fuels (reference 1).

The reproduclibility of results obtained in this part of the
investigation is shown In Tigure 9. Combustion efficlencles with
AN-F-28 were obtalned from time to time throughout the program.
Results check within £3.5 percent for 40 percent rated speed and
%=1.5 percent for 80 percent rated speed.

Effect of Inlet-Alr Temperature on Fusl Performence

Effect of fuel characteristicg. - The effect of ccwbustor-
inlet temperature on combustor performence is shown in figure 10,
where the mean temperature rise through the combustor is plotted
asg a function of fuel-eir retio. Data are presented for operatlon
with the six fuels with 10.5~-gallon-per~-hour fuel nozzles at
inlet-alr pressures and velocltles corresponding to polints A and B
of figure 6 and for three inlet temperatures at each of these
altitude -~ englne-rotor-speed points. The actusl temperature
supplied to the combustion chamber by the compressor in the engine
1g 240° F for point A and 35° P for point B. For estimation of
cowbustion efficlencies, curves for varlous percentages of the
theoretical temperature rise are included. Fuel-air ratios at
which combustion ceased (blow-out) are marked on the curves with
a line dxrawn perpendicular to the curve.

The maximum temperature rise obtainable end the fuel-alr ratio at
which it occurred in general decreased as the 1nlet-alr temperature -
was decreased at constant pressure and velocliy when operating with
five of the fuels studied. Benzene, however, was less temperature
gensitive than the other five fuels. The temperature-rise curves
obtained with benzene for three inlet-air temperatures follow a com-
mon path for the high fuel-air ratios at point A and only the lowest
temperature at point B produced a peaking of the temperature-rise
curve and blow-out with increasing fuel-air ratio. (See fig. 10(e).)
This lack of sensitivity to combustor-inlet-air temperature indicates
why benzene produces the highest operational ceiling of the slx fuels
in the low-engine-gpeed range. Aromatic solvent 4 was more temperature
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gensitive than the lower boiling aromatic (benzene) or the paraffinic
fuels; that 1e, a glven docrease in inlet-alr temperature had a more
adverse effect on the combustion of solvent 4 than on the other fuels

&t the condltlong studied. For the paraffinic fuels studled, combustion

oefficlency decreased at & less rapild rate as the bolling point of the
fuel increased for the fuel-alr ratlos pest the meximum combustlon
efficiency attaineble.

A comparison of the performance of the combustor operating with
the six fuels at points A and B for each Inlet tsmperature 1ls shown
in Pigure 11. In order to place the performance of the various fuels
having differences in heating values on & comparable basis, msan
temperature rise against heat input is shown in figure ll, where heat
input is computed as the product of the fuel-air ratio and lower
heating value of the fuel.

Results show that the lower-boiling-temperature fuels (ischep-
tenes, AN-F-28, and benzene) produced combustion efficienciles 10 to
20 percent above the combustion efficlencles produced by the higher-
boiling-temperature fuels (AN-F-32, Diesel oil, and solvent 4) at
the combustor temperature rise requlred for nonaccelerating engine
operation at point A (1180° F) and at point B (635° F). The higher-
bolling paraffinic fuelas, however, produced combustion efflclencies
comparable to those produced by the lower-bolling paraffinic fuels
at the highest heat inputs and temperature rises investigated at
point A. A greater meximum temperature rise could be obtelned wlth
the higher-bolling-temperature paraffins than with the lower-bolling-
temperature paraffins regardless of the amount of fuel input to the
combugtor. Because the higher-boiling peraffinic fuels, such as
Diesel oll, continued to produce lncreasing temperature rise with
increase in frel-air ratio after the lower-boiling paraffinic fuels,
such as AN-F-28, had produced & limiting value of temperature rise,
the higher-boiling fuele produced higher eltitude operational limits
at meximm englne speeds.

Reproducibllity of results 1s showm in Ligure 12. The combuastor
was operated at point A (inlet-air temperature, 240° F) with
AN-F~28 fuel for variocus amounts of time throvghout the program. The
plot of temperature rise against fuel-air ratio shows a decrezse of
approximately 4 percent in combustion efficiency with AN-F-28 fuel
from the beginning to the end of the program. The performence with
solvent 4 might be slightly better therefore if these date had been
obtained first instead of last. Check runs at operating conditions
producing combustion efficiencies below 30 percent Indicated resulte
obtained at these conditions were not reliable; trends were reversed
from time to time.
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The effect of fuel bolling temperature on combuation efficiency
is shown 1in figure 13. Combustion efficiency is presented ap a
function of average bolling temperature for two values of heat input
for the combustor equipped with 10.5-gallonw-per-hour nozzles operating
et the three inlet temperatures at point A. The average bolling
temperature 1s deflined as the average of the initial boiling polnt,
the temperatures corresponding to the distillation ef each 1l0-percent
Increment of the fuel.volume, and the final boiling point. At a
heat input of 330 Btu per pound of air (fig. 13(a)),combustion
officlency decreased with increase in average fuel boiling point, and
thils trend was more pronounced with arometic than with paraffinic
fuels. At the highest heat ilnput investigated, 580 Btu per pound
(approximate fuel-air ratio of 0.032), the aromatic fuels exhibited
a similer trend of decreasing efficlency with increased average
bolling point (fig. 13(b)), but the increase in fuel boiling point
had little effect on combustion efficliency of the paraffinic fuels
at this high heet Input.

The sensltivity of the combustion efficlency to boiling temper-
ature of the paraffinic fuels was approximmtely the same for all the
combustor Inlet temperatures lnvestlgated. For the two aromatic fuels
the adverse effect of inoreased fuel bolling tempereture on combustion
efficiency was much greater at the low combustor-inlet-air temperatures
than at the high inlet-alr temperatures.

Effect of fuel Injection pressure. - The investigation presented
in the remainder of this report was conducted with two pareffinic fuels,
AN-F-28 and Diesel oll., The effect of fuel injection pressure is shown
in figure 14 where the temperature rise through the combustor is plotted
as a function of heat Input for combustor operation with 17.5-, 10.5-,
7.5-, 3.0-, ard 2.0-gallon-per-hour fuel nozzles at points A and B.

The method of varying fuel injection pressure was to operate the come
bustor with different-capacity nozzles; the fuel pressure Increased as
the nozzle capacity decreased for the same fuel flow. In general, a
decrease in inlet-alr temperature at combustor conditions near the
altitude operational ceiling decreased the temperature rise through
the combustor at any heat input for both fuels for all the nozzle
capaclities examined.

A comperison of the temperature rise attalinable at five Iinlet
temperatures for various values of heat input for the combustor
operating at points A and B with the several nozzle capacities
investigated 1s shown in figure 15. The same data are plotted in
figure 16, which shows the shape of the temperature-rise curve and
the accompanyling combustion~efficiency values as the mean temperature
rise 18 Increased by incressing fuel-alr ratio. For the low-heat-
input or low-temperature-rise values at point A, deoreasing the

933
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nozzle capaclty was beneficlel to the combustion process for both
fuels, particularly so for Diesel oil. At a heat-input value

of 225 Btu per pound of air (fig. 15(a)), decreasing the nozzle
capaclty from 10.5 to 2.0 gallon per hour increased the temperature
rise from 200° to 620° F (combustion efficiency increased from 20

to 75 percent) with Diesel oil, and with AN-F-28 fuel the temper-
ature rise increased from 610° to 640° F (combustion efficiency
increased from 72 to 76 percent). At these low temperature rises,
corresponding to low heat-input values, the rate of combustion-~
efficlency increase due to larger injectlion pressures became greater
for AN-F-28 fuel as the Inlet temperature decreased (figs. 15(a) to
15(c)). With Diesel oil the inlet temperature had no appreciable
effect on the rate of increase of combustion efficiency with decrease
in nozzle size.

With both fuels the low-capacity fuel nozzles produced temperature-
rise limite within the fuel-air-ratio range investigated; these limits
occurred at lower temperature-rise values with the smeller-capacity
nozzles. With nozzles of the same capacity, the temperature-rise limit
occurred at a higher temperature with Diesel oil than with AN-F-28 fuel,
With Diesel oll the 3.,0-gallon-per-hour nozzles gave a temperature-risge
increase up to a2 limiting value of 1330° F; with AN-F-28 they gave an
Increase up to 830° F. The 7.5-gallon-per-hour nozzle gave no temperature-~
rise limit In the range investigated with Diesel oill but did gilve =a
limit with AN-F-28. At the lower inlet-air temperatures these temperature-
rise limits were low for both fuels; some nozzles produced limits at an
inlet-air tempereture of $0° F that dA1d not produce & limit within the
fuel-air-ratlo range investigated at 2400 F, These trends for polnt-A
conditions were also indicated at point-B conditions. However, the
combustion at point-B conditions had low efficiencies, and the data
were inconslstent.

A comparison of Diesel oll and AN-F-28 fuels operating at point-A
conditions utilizing the optimum nozzle size for each heat-input value
is ghown in figure 1l7. The combustion-efficliency and temperature-rise
curves presented represent the maximm values that can be obtained with
a varlable-size nozzle having & cepecliy range of 2.0 to 17.5 gallons
per hour. These curves show that Diesel o0il operates at lower efficlen-
cles for these conditions than AN-F-28 xregardless of Injection pressure

at low heat input but that a greater emount of temperature rise is

nevertheless avallable with Diesel o1l than with AN-F-28 for imlet-air
temperatures of 90° and 150° F for these nozzle sizes. The rate of
decrease In temperature rise wilth decreasing inlet-alr temperature is
greater for Diesel oll than for AN-F-28.

Variation of combustion efficlency with fuel-injection pressure
differential at constant hesat-input values for both fuels at polnts A
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end B is shown in figure 18. Combustion effliclency for values of
mean tempersture rise through the combustor for constant pressure=-
differential curves is presented in figure 19. As either the heat
input or the temperature-rise values increased, the beneficial
effect of increasing inJection pressure hecame less untll a tran-
gition point was reached above which Increesing injection pressure
wes detrimental to combustion. For each inlet temperature, en
optimm fuel-pressure differential existe for each fuel that pro-
vides a wilde operating renge of temperature rise at relatively good
efficlencles. Temperature-rise limite are encountered at successively
lower velues of temperature rise as the inlet-air temperature ls
decreased regardless of fuel volatility.

Effect of varying fuel-nozzle gpray engle at constant capacity. -
The resulte obtained by lnvestigating the performance of the combustor
opereting with 3,0-gallon~per-hour nozzles and two fuels at four 4dif-
ferent fuel-nozzle spray angles is shown in figure 20, No consistent
differences in dats trends for the varlous spray angles were found.
The detrimental effect of decreasing inlet-air temperature on combus-
tion performance was similar for all angles of apray regardless of fuel

used. The different-angle nozzles produced nearly identical temperature-

rise limits; the limits with Diesel oll occurring at higher values of
temperature rise than the limite with AN-F-28 fuel at an inlet temper-
ature of 240° F, It may be noted that decreasing temperature has a
more harmful effect on the temperature-rise limite with Diesel oll then
on the limits with AR-F-28 fuel.

Effect of Inlet-Alr Pressure on Fuel and Nozzle Performance

The effect of inlet pressure on temperature rise and combustion
efficlency with AN-F'-28 and Diesel-oll fuels operating with 17.5-,
10.5-, and 3.0-gallon-per-hour nozzles at conditlons near point A is
presented in figures 21 end 22, The 1l7.5- and 10.5-~gallon~per-hour
nozzles had a 45° spray angle end the 3.0-gallon-per-hour nozzle had
a 30° gpray angle. Data were obtalned at inlet-alr static pressures
of 8.4, 9.2, and 10,0 pounds per square inch absolute. Comparison of
the effect of inlet-alr temperature and pressure indicates that a
decreage in combustor-inlet-air pressure produced the same general
effects on performance as e decrease in combustor-inlet-air tempereture.
The combustion efficlencles obtained with AN-F-28 fuel were better
than those obtained with Diesel oil except at the high heat inputs
where in some cases AN-F-28 produced tempereture-rise limits ang
Diesel oil did not.
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Effect of Inlet-Air Velocity on Fuel Performence

The effect of altering inlet-alr veloclity on AN-F-28 and Diesel-
oll fuels 1s shown in figure 23. An increase in inlet-air velocity
had the same general effect on performence as & decrease in inlet-alr
pressure or temperature when operating with AN-F-28. With the Diesel
oll the effect of changing the inlet-air velocity was the reverse,
that 1s, a decrease in inlet-air veloclty reduced temperature rise and
efficlency throughout the fuel-alr-ratio range investigated.

The difference 1n effect of velocity on the performance of the
two fuels indlcates another reason why Dlesel oll produces & lower
altitude celling at 30 percent rated speed bubt a higher altitude
celling at maxrimum rotor speeds than AN-F-28 fuel. As the engine
decelerates along the altitude 1imits from point A to point B, the
pressure, temperature, and velocity decrease at the cambustor inlet.
The decrease in these parameters 18 harmful to the combustlion of
Dlesel oll but the decrease In veloclty 1s helpful to the combustion
of AN-F-28 fuel. Also, decreasing inlet-alr temperature is less
detrimental to the combustlion of AN~F-28 fuel than to the combustion
of Diesel 01l. Diesel oll therefore produces a lower temperature-
rige=limit value than AN-F-28 at low engline rotor speeds.

The effect of wveloclty on AN-¥F-28 and Dlesel-oil fuels operating
wlth basket 2 is shown in figure 24. Trends indlcated are the same as
those found wlth basket 1.

Combustion Characteristics

Observations were meade during the Investigation regardling the
behavior of the different fuels. The color of the flames produced by
the fuels was predominately yellow &t low-altitude - high-englne-rotor-
speed conditlons, gradually changing to blue as the altltude was
increased up to the altitude cellings with the exception of benzene.
Benzene produced & thin, greenlsh-cast flame that was very stable and
difficult bto extinguish at condltions neaxr the aititude operational
limits. The flames produced by solvent 4 and Diesel oll at high
altitudes and low engine speeds would only partly fill the zmnular
cocmbustion area and the fuel delivered by the nozzles located in the
noncombustion regions would be blown downstresm as raw fuel. This
characteristic was not evident for the other fuels even at similar
combustion efficienciesn.

Benzene was the only fuel to produce a significant amount of
carbon deposits. Figure 25 shows the interior of the combustlon
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chambex at the completion of the studies of solvent 4 and figure 26
shows the same vliew after operation with benzene. No attempt was
made to measure the amount of carbon produced by the benzene fuel.,

The fuels rank in the following order with regard to ease of
lgnition: AN-F-28, benzene, isoheptanes, solvent 4, AN-F-32, and
Diesel oll,

Pressure Drop through Combustor

Representative date for the total-pressure drop from the inlet
to the outlet of the combustor operating with various fuels and with
nozzles of varying capacity are preesented in figure 27. The ratio of
the total-pressure drop to the inlet dymamic pressure AP, _s/qz is

plotted against the ratio of the combustor-inlet air density to the
combustor-outlet gas density Py /p3 Iwo scales are shown for values

of APp_z/dp; scale A is based on gy velues calculated for the

combustor-inlet annular cross-sectional aree and scale B is based on
a, values ca_,lculated. for the maximum annular cross-sectional area

of the combustor. The results follow an approximetely straight line
a8 Indicated by theory. Reference 3 givee a derivation of this
reletion and an explanation that the relation dcee not hold accurately
for this combustor when the flame seat shifte. The data for the
various fuels are plotted in figure 27(a), and the data for the vari-
ous nozzle capacities are plotted in figure 27(db). The relative
scatter of data in these plots indicates that the Flame seat shifts
with different-capacity nozzles more than with different fuels.

SUMMARY OF RESULTS

The results obtained in the investigation of fuel and nozzle
performance in an amnular combustor of a turbojet engine at conditions
similating zero-ram operation at two altitude - engine-speed conditions
are sumarized as follows:

l. A low-bolling~temperature fuel of elther aromatic- or peraffinic-
hydrocarbon type gave higher altitude operational limits at low engine
rotor speeds whereas a high-boiling-temperature fusl gave higher alti-
tude operational limits at high engine rotor speeds.

2. Combustion efficiency of all the fuels investigated decreased
wlth Iincreasing altitude at constent englne rotor speeds, and the low-
boiling-temperature fuels of either class produced the higher efficiencies
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up to the vicinity of their altitude operationsl limits., With further
increese in altitude the combustion efficiency of all the fuels dropped
gharply.

3. At operating conditions near the altitude operetional limits,
the temperature rise through the combustor pessed through a maximum
value aa fuel-air ratio was increased. The maximm temperature rise
obtainable and the fuel-air ratio at which it occurred decreased as
the inlet temperature was deoreased at constant pressure and velocity
with 211 of the fuels studied except benzense.,

4, Benzene was the least sensitive and solvent 4 (a higber-boiling-
temperature arometic fuel) the most sensitive of the fuels to decreasing
inlet temperature at the two altitude conditions investigated.

5. At low fuel-alr ratios or_heat-input rates, the combustion
efficlencles of the high-boiling-temperature fuels were considerably
below those of the low-bolling~temperature fuels; but as the fuel-zir
ratio was increased, the combustion efficlencies of the high-boiling-
temperature paraffinic fuels increased and tended to approach those for
the low~boiling-temperature fuels for the conditions investigated.

6+ At the high altitude conditlons, the low-boiling-temperature
fuels tended to attain a lower maximm temperature-rise limit and at a
lower fuel-alr ratic than d4id the high-bolling-polrit fuels in spite
of having higher combustlon efficienclies at temperatwres below the
temperature-rise limit. Benzens, however, was an exceptlon In that
it maintained both a better combustion efficiency and a higher
temperature-rise 1limit than the high-bolling-temperature fuels tested.

7. Increasing fuel injection pressure by decreasing fuel-nozzle
orifice area increased the combustion efficiency with AN-F-28 and
Diesel-oll fuels at low heat-input or temperature-rise values, but
produced lower tempereture-rise limits., The larger nozzles gave higher
combustion efficlenciee at high values of heat input or temperature
rise. For each inlet-alr temperature, an optimum fuel-pressure differ-
ential across the injector system was found %o exlst for each fuel
(AN-F-28 and Diesel oill) that provides a wide operating range of tem-
perature rise at relatively good efficlencles.

8. No consistent &ifferences were found in performance with
varigus spray angles of 3.0-gallon-per-hour capaclty fuel nozzles,
operating wlth AR-F-28 and Diesel-oll fuels at conditions encountered .
near the altitude operational 1limite.

9. Decreasing combustor-inlet-air static pressure decreased the
meximum temperature rise cbtainable and the fuel-alr ratlic at which
i1t occcurred for any injection nozzle capecity at altitude operating
conditlions,
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10. Increasing the combustor-inlet-air velocity had & detrimental
effect on combustion performance with AN-F-28 fuel similar to the effect
of decreasing inlet-air pressure and temperature. However, an opposite
effect was observed with Diesel-oll fuel, as inoreasing velocity over
the range investigated had a beneficial effect on the combustion per-
formence with this fuel,

1l. As expected from theoretical conslderations, a stralght-
line oorrelation was obtained when the reatio of the total-pressure
drop through the combustor to the combustor-inlet dynemic pressure
was plotted as a function of the ratio of the combustor-inlet air
density to the combustor-outlet gas density.

Flight Propulsion Research laboratory,
Rational Advisory Committee for Aeroneuvtics,
Cleveland, Ohio.



933

RACA RM No. E8COZa 19

1.

2.

S

4.

REFERENCES

Belz, Ray E., and Melgs, John B.: TFuel Tests on an I-16 Jet-
Propuleion Engine at Statio Sea-Level Conditlons, NACA RM
No. E7TBOL, 1947. '

Zettle, Bugene V., Bolz, Ray E., and Dittrich, R. T.: Effect
of Fuel on Performence of & Single Combustor of an I-16
Turbo jet Engine at Simulated Altitude Conditions. NACA RM
No. E7AZ24, 1947,

Childs, J. Howard, McCafferty, Richard J., and Surine, Oekley W,:
Effect of Combustor-Inlet Conditions on Performance of an
Annuler Turbojet Combustor. HNACA TN No. 1357, 1947.

Turner, L. Richard, and Loxrd, Albert M,: Thermodynamic Charts
for the Computation of Combustion and Mixture Temperatures
at Constant Pressure. NACA TN No. 1086, 194€.



TABLE I - PHYSICAL DATA AND APPROXIMATE COMPOSITION OF FUELS INVESTIGATED

Fnel Boiling|Average|Specific|Hydrogen-|Lowor Viescosity

02

range |boiling|gravity |carbon |heating|(centistokes Composltlon
(oF) |point |at ratlo |value | at 70° F) (percent by volume)
(°r) |s00/600F (Btu/ Aromatice [Pareffing and
ib) or eyolo-
pareffine
Ischeptanes|170-206| 181 | 0.727 | 0.177 | 18,900| 0,650 1.0 99
AN-P-28  |[104-328| 210 725 174 | 18,600 .608 14.0 88
AN-P-32  |B14-480| 373 9L | 172 | 18,700| 1.69 10.8 89.2
Dlesel oll |364-864| 482 .825 .158 | 18,559 5.04 19.2 80.8
Benzeme  |170-175| 172 .883 084 . | 17,400 .745 100,0 0
Solvent 4 |310-362| 329 874 J15 | 17,600 1.118 99,0 1
W
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Fignre 3.

- Bide view of installation of ammuler combustor for turbojet englne.
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Figure 10. = Continued. Varlation of mean temperature rise through
annular combustor with fuel-sir ratio for combustor-inlet-air
tempersture independently s&ltered from values simulating engine
operation with six fuels. Simulated engine operating conditlons:
Point A, inlet-air statiec pressure, 9.2 pounds per square inch
absolute; inlet-air veloeity, 200 feet per second:; Point B, in-
let-air atatic pressure, 7.7 pounds per square irich absolute;
inlet-air velocity, 160 feet per second.
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Figure 10. = Continued. Varlatlion of mean tempersture rise through

ennuler combustor with fuel-alr ratlo for combustor-inlet-alr
temperature independently altered from values simulating engine
operation with slx fuels. Simulated engine operatlng condition
Point A, inlet-alr atatic pressure, 9.2 pounds per square inch
absolute; inlet-air velocity, 200 feet per second; Polnt B, in-
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Pigure 10. - Concluded. Varistion of mean temperature rlse through
annuiar combustor with fuel-air ratio for combustor-inlet-alr
temperature independently altered from values simulating engline
operation with six fuels. Simulasted engine operating conditions:
Point A, inlet-alr static pressure, 9.2 pounds per square inch
absolute; inlet-air velooclty, 200 feet per second; Point B, in-
let~alir static pressure, 7.7 pounds per square inch sbsolute;
inlet-air velocity, 160 feet per second.
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Figure 1l. - Comparison of mean temperature rise through annular combustor
for various heat-input values for six fuels and several lnlet-air
temperatures. Simulated engine operating conditions: Polnt A, Inlet-
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Figure 1ll. - Continued. Comparison of meaen temperature rise through
annular combustor for various heat-input values for six fuels and
several inlet-alr temperatures. Simulated engine operating con-
ditions: Polint A, inlet-elr static pressure, 8.2 pounds per square
inch absolute; inlet-air velocity, 200 feet per second; Point B,
inlet-alr static pressurs, 7.7 pounds per square inch absolute;

inlet-air velocity, 160 feet per second.
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Figure 1l. - Concluded. Comparison of mean temperature rise through
ennular combustor for varlious hest-lnput values for six fuels and
several inlet-air temperatures. Simulated engine operating con-
ditions: Point A, inlet-air =static pressure, 9.2 pounds per square
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Figure 14, - Variation of mean temperature rise through annular combustor

wlth heat iInput for several different-capacity fuel-injection nozzles
operating with Inlet-air temperature Independently altered from values
similating engine operation. Simlsted engine operating conditions:
Point A, 1inlet-air static pressure, 9.2 pounds per square inch sbso-
lute; inlet-alr velocity, 200 feet per second; Polnt B: inlet-air
statlc pressure, 7.7 pounds per square inch gbsolute; inlet-air ve-
locity, 160 feet per second.
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Figure l4. - Continued. Variation of mean temperature rise through annular
combustor with heat input for several different-capacity fuel-injecticn
nozzles operating with Inlet-alr tempersture independently altered from
values simulating engine operstion. Simulated engine operating con-
diltions: Point A, inlet-alr static pressure, 9.2 pounds per square inch
absolute; inlet-alr velocity, 200 feet per second; Point B, inlet-air
static pressure, 7.7 pounds per square inch absolute; inlet-alr ve-
locity, 160 feet per amescond.
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Figure 14, - Continuwed. Varlation of mean temperature rise through annular
combustor with heat input for several different-capacity fuel=-injection
nozzles operating with inlet-air temperature independently altered from
values simulating engine operstion. Simulated engine operating con-
ditions: Point A, inlet-alr static pressure, 9.2 pounds per square inch
sbsolute; inlet-air veloecity, 200 feet per second, Point B, inlet-air
static pressure, 7.7 pounds per aquare inch absolute; inlet-alir ve-
locity, 160 feet per second.
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Figure l1l4. - Continued., Variation of mean temperature rise through annular
combustor with heat input for several different-capacity fuel-injection
nozzles operating with iInlet-air temperature independently altered from
values simulating engine operation. Simlated engine operating con- .
ditionsa: Point A, inlet-air static pressure, 9.2 pounds per squars inch
absolute; inlet-alr veloclty, 200 feet per second; Point B, inlet-air
stetic pressure, 7.7 pounds per square lnch absolute; inlet-air ve-
locity, 160 feet per second.
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Flgure 1l4. - Continued. Varlation of mesn temperature rise through annular
combustor with heat Input for several different-capacity fuel-injection
nozzles operating with inlet-air temperature independently altered from
values simulating engine operation. Simulated engine operating con-
ditiona: Polnt A, inlet-air statlc pressure, 9.2 pounds per square inch

- absolute; inlet-air velocity, 200 feet per second; Point B, inlet-ailr

static preasure, 7.7 pounds per square inch sbsoclute; inlet-air ve-
locity, 160 feet per second.
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Figure 14. - Continued. Variation of mean temperature rise through annular
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combustor with heat input for seversl different-capaclty fuel-injection

nozzles operating with inlet-alr tempereture independently altered from

values simulating engine operation. Simulated engine operating con-

ditions: Point A, inlet-air statilec pressure, 9.2 pounds per square inch .
absolute; Inlet-sir veloclity, 200 feet per second; Point B, Inlat-alr

static preswsure, 7.7 pounds per square inch absolute; inlet-air ve-

loelt;, 160 feet per second.
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Figure 14. - Continued. Variation of mean temperaturse rise through ennular
combustor with hest input for sevaral different~capacity fuel-injection
nozzles operating with inlet-azir temperature independently altered from
values simuleting engine operstion. Simlated engine opersting con-
ditions: Point A, inlet-air static preasure, 9.2 pounds per square inch
absolute; inlet-alr velocity, 200 feet per second; Polnt B, inlet-air

static pressure, 7.7 pounds per square inch absolute; inlet-air ve-
loclty, 160 feet per second.
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Figure l4. - Concluded. Variation of mean temperature rise through annular
combustor with' hest input for several different-capacity fuel-injection
nozzles operating with inlet-alr temperature independently altered from
values simulating engine operation. Simulated engine operating con-
ditions: Point A, inlet-air static pressure, 9.2 pounds per square inch
sbsolute; 1nlet-alr velocity, 200 feet per second; Point B, inlet-alr
static pressure, 7.7 pounds per square Inch absolute; inlet-air ve-
locity, 160 feet per second.
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Pigure 15. = Comparison of mean temperature rise through annular combustor
for various heat-input values for several different=-capaclty fuel=
injectlion nozzles. Simulated engline operating conditions: Point 4,
inlet-air stetic pressure, 9.2 pounds per asguare inch sbsclute; inlet-
air velocity, 200 feet per second; Polnt B, inlet-alr statlc pressure,
7.7 pounds per square inch absclute; inlet-air veloclty, 160 feet per
second, Fuels, AN~F-28 and Diesel oil.
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Plgure 15, - Continued, Comparison of meen temperature rise through
annular combustor for various heat-input valueas for several different-
capacity fuel~-injection nozzles., Simulated engine operating conditions:
Point A, inlet-air static pressure, 9.2 pounds per square inch absolute;
inlet=alr velocity, 200 feet per second; Point B, inlet-air static
Presaure, 7.7 pounds per square inch absolute; inlet-air wvelocity, 160
feet per second. Fuels, AN-F-28 and Diesel oil,
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Figure 15, = Continued. Comparison of mean temperature rise through
ennular combustor for verious heat-input values for several different=
capacity fuel-injection nozzles., Simulated englne operating conditions:
Point A, inlet-alr statlic pressure, 9.2 pounds per sguare inch absolute;
inlet-gair velocity, 200 feet per second; Point B, inlet-air statle

. pressure, 7.7 pounds per sguare inch absolute; inlet-gir veloolty, 160-

feet per second. Fuels, AN-F-28 and Diesel oil.



NACA RM No. EBCO2a

LA BAEAZ REARS RS RANAY RAARRRAARARANRANARAS ARl RARAN RAREA RARAR LAARAS RAS SN RAAR
3 Fuel, AN-F-28 2
3 Combustion efficlency o
E (percent) =
2000 B -
o //J/BO E
E 3
P =
1600 Hﬁozzle capacity*///w’ E
E (gal/nr) 6o 3
- }( /‘/ E
1200? < —< -
= ¥ 10.50L A0 3
3 L~ 7] —1 40 3
5 800 E /) 7.9 - E
iy a | 1 -y
‘: - // -~ JQ‘//‘ E
- — -
S :‘///yﬁy/-/, ~5.0 deo E
wul = =7 e -
3 400 p— =+ —— 3
g - L4 2
o T = =
S Lo -

far

g of
§ F Fuel, Diesel oi 80 3
s . F r ]
.E 1800 < -
o - ,/ _} 60 3
= 2 - 3
E - // — -
8 1200 F 3 3
B = Nozzle capacity] .~ | [ =
& F (gal/hr) 4 P d =
o - ’/ | T, =
» - yd - - L — 7] //40 3
g 800F , - 3
2 C | pd A oy -~ / 3
= Pl -~ b
E A _1 4o - '5:9/’5‘5_J{:fi-—~‘“£° 3
400 B — v =
:’// - ) L — | A~ E
E’,/ — vy o 10.5 NACA 5
0 AL L LAiA L Ll ) A IPEE N FSE NN FNN NS EREY] IS NI INEWESNI gt a2t sE31n 04t

100 200 300 400 500 600 700 800

Heat input, Btu/lb air
(d) Point B} inlete-alr temperature, 70° F.

Figure 15. - Continued, Comparison of mean temperature rise through
ammular combustor for various heat~input values for several different~
capaclity fuel=injection nozzlies. Simulated engine operating conditionst:
Point A, inlet-air static pressure, 9.2 pounds per square inch absoclute;
inlet=air velocity, 200 feet per seecond; Point B, inlet-air static
pressure, 7.7 pounds per square inch absclutej Inlet-alir velocity, 160
feet per second, Fuels, AN~F=28 and Dlesel ofl.
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Figure 15. - Concluded. Comparison of mean temperature rise through
annular canbustor for various hest-input velues for several different-
capacity fuel-injection nozzles. Simulated engine operatlng conditions:
Point A, inlet-sir statlic pressure, 9.2 pounds per square iInch abzolute;
inlet-air veloclty, 200 feet per second; Point B, Inlet—air statlec

. pressure, 7.7 pounds per square inch absolute; inlet-alr velocity, 160

feet per second. Fuels, AN-F-28 and Diesel oll.
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Figure 18, - Varisation of combustion efficlency with fuel=-injection -
pressure for seversal heat-lnput values, Simulsted englne
operating conditions: Point A, inlet-air static pressure, 9.2
pounds per aquare inch absolute; inlet-ailr velocity, 20O feet
per second; Point B, inlet-alr static pressure, 7.7 pounds per
aguare inch absoluts; Inlet-alr veloclty, 160 feet per second.
Fuels, AN-F-28 and Diesel oll,
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Figure 18, = Continued, Variation of combustion efficiency with
fuel=-injection pressure for several heat-input values, Simulated
engine operating conditions: Point A, inlet-alr statle pressure,
9.2 pounds per square inch absclute; inlct-alir veloelty, 200 feeat
per second; Point B, inlet-air statlc pressure, 7.7 pounds per
square inch absolute; inlet-alr velocity, 160 feet per second,
Fuels, AN-F-28 and Diesel oll,
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Figure 18, -~ Continued, Variation of combustion efficiency with
fuel-Iinjection pressure for several heat-input values. Simulated .
engine operating conditiona: Polint A, inlet-air static pressure,
9.2 pounds per square inch sbsolute; inlet-air velocity, 200 feet
per second; Point B, inliet-alr static pressure, 7.7 pounds per
square inch absolute; inlet-alr velocity, 160 feet per second,.
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Pigure 18, = Continued, Variation of combustion efficlemcy with

fuel-injection pressurs for several heateinput values, Simulated
engine operating conditions: Point A, inlet-alir static preasurs,
9.2 pounds per square inch sbsolute; inlet-alr velocity, 200 feet
per second; Point B, inlet-alr atatlc pressure, 7.7 pounds per
square inch absolute; inlet-alr velocity, 160 feet per second.
Fuels, AN-F=28 and Dlesel cil.
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Fig&re 18, = Concluded. Variation of combustion efficiency with

el=injection pressure for several heat-input values, Simulated
englne operating oonditions:t Point A, inlet-air static pressure,
9.2 pounds per square Inch absoclutej inlet=air velocity, 200 feet
per second; Point B, inlet-ailr static pressure, 7.7 pounds per
square inch absolute; inlet-air veloecity, 160 feet per second.
Fuels, AN-F=-28 and Diesel oil.
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Figure 18, ~ Compsriason of combustion efficlencies obtainable for various valuea of mean temperature
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Flgure 19, - Contlnued, Comparison of combuation efficiencies obtainnblo for wvarious walues
of mean temperature riss through aanuler cambustor for verious pressurs differentials
acroag fusl-injeotion nozzles. Inlet=air temperatures varied from oonditions sirulating
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Mean temperature rise through combustor, °r
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Figure 20, = Comparison of mean temperature rise through annular come

bustor for varlous heat-input values for fowr different nozzle apray
angles of a 3.0-gallon-per-howr=-capaclty nozzle. Inlet-alr tempera=
tures independently altered from conditions simulating engine
operation, Simulated engine operating conditions: Point A, inlet=
air static pressure, 9.2 pounds per square inch absolute; inlet-air
velocity, 200 feet per second; Point B, inlet-air static pressure,
7«7 pounds per square inch absolute; inlet-air velocity, 160 feet
per second., Fuels, ANR-F-28 and Diesel oll,

g6 |



NACA RM No. EBCO2a

L} | AR Tret Ty LIRS IAZEE AR AR ER NN RR AR LI LI L ) LABRER) LI J LA SR 1 LI}
Fuel, AN-F-28 3
= Combustion efficiency-
2000 F {percent) =
F |_— | &0 3
= ] =
E ] ]
= |~ 3
1600 E > 3
= Nozzle gpr angle A p
= (deg L~ |- | 80 3
3 L~ P =

-1
—/ 3
1200 E < - =
= ~ ~ 3
- A . /r =
3 |- P [ 1~ | 40 3
800 E ol - ] 3
3 pd a6 | — 3
S : | -~ o ] 3
2 400 <t — —] = =
Q E P | —1 ] 3
a e _|— — i ] E
g | — b
5] r’ E
K-} o E -
w0 E Fuel, Diesel oil P 80 3
[=] ol =
E N = -
g 3 ozzle ?Eﬁ; angle| - 3
o 1600 F -

] = e 3
o 3 |- €0 3
- — -
@ ) L 80 e | -
3 1200 E oA E
[ - / / — 3
1 o P . g =
& DL e [ E
3 800 E < L [V s e =
s = - ~ 3/ —T b
§ = /; / / R -1 3
E ) |- |20 3
400 < 27— = = .
F — —t =
:///9 — e 3
E 14— E

[ 1L 1ri1 Lili LL 1Li1t LLLL 1L LLL L INATERERE L1 1LL 1111 11t Illl[ L

0,58 3 5060 00 700 800

Heat input, Btu/lb alr
(v) Point A; inlet-alr temperature, 150° F.

Pigure 20, - Continued, Comperison of mean temperature rise through
annular combustor for varlous heat-input values for four different
nozzle spray angles of a 3,0~gallon-per-hour-capacity nozzle, Inlet='
air temperatures independently altered from condltions simulating
engine operation. Simuleted engine operating conditions: Point 4,
inlet-air statlic pressure, 9.2 pounds per aquare inch sbsolute;
inlet-alr velocity, 200 feet per second; Point B, inlet-air statie
pressure, 7.7 pounds per aquare inch absolute; inlet-alr velocity,

160 feet per second. Fuels, AN-F-28 and Diesel oil,
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Figure 20, - Continued. Comparison of mean temperature rise through
annuler combustor for various hest-input velues for four different

» nozzle spray angles of a 3.0-gellon-per-hour-capacity nozzle. Inlet-
air temperatures independently altered from conditions simulating
engine operation, Simulated engine operating conditions: Point 4,
inlet-air statle pressure, 9.2 pounds per square inch absolute;
inlet-alr velocity, 200 feet per second; Point B, inlet-sir static
pressure, 7.7 pounds per square inck absolute; inlet-alr velocity,
160 feet per second, Fuels, AN-F=-28 and Diesel oll,
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Pigure 20, - Continued, Comperison of mean temperaturs rise through

snnular combustor for various heat=input values for four different
nozzle spray sugles of a 3.0-gallon-per-hour-capaclty nozzle. Inlet-
sir temperatures independently altered from conditions simulating
engine operation. Simulated engine operating condltions: Polint A,
inlet=air static pressure, 9.2 pounés per squere inch absolute;
inlet-air veloecity, 200 feet per second; Polnt B, inlet-~alr statlc
pressure, 7.7 pounds per square inch absolute; inlet-alr veloclty,
160 feet per second. Fuels, AN=F=~28 end Diesel oil,
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Figure 20, -~ Concluded, Comparison of mean temperature rise through

annular combustor for various heat-input values for four different

nozzle apray angles of a 3,0-gallon-per-houre-capaclity nozzle. Inlet=-

&lr temperatures independently altered from condltions simulating .
engine operation. Simulated engine operating conditions: Point 4,

Inlet-air static pressure, 9.2 pounds per squere inch absolute;

inlet-alr velcocity, 200 feet per sscond; Point B, inletealr static

pressure, 7.7 pounds per square inch absolute; inlet-air velocity, .
160 feet per second. Fuels, AN-F=28 and Diesel oll,.
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with heat input for three different-capscity nozzles with inleteair
atatic pressure Independently altered from conditions simulating engine
operation. Polnt A: inlet-alr temperature
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Figure 21. - Continued. Variation of mean temperature rise through
annular combustor with heat input for three different-cepacity
nozzles with inlet-air gtatic pressure independently altered from
conditions simulating engine operation. Point A: inlet=-air temper-
ature, 240° F; inlet-air velocity, 200 feet per second. Fuels,
AN-F-28 and Diesel oll.
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Flgure 22, ~ Jomparison of cambusiion efficiencies obtainsbls for various values of mean temperature
rize through anmiler combustor for three different-oapacity nozzles with inlet-alr statie pressure
independently altersd from conditions simulating engine operation., Point Ar inlet-air temperaturs,
240° F3 inlet-air velocity, 200 fest per sscond. Fuels, AN-F-BS8 snd Diessl oil,
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air atatic pressure independently altered from conditions simulating engine operatlon. Point A:
inlet-air temparature, 240° Fj inlet~air velocity, 200 feet per second. Fuels, AN-F-28 and
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FPlgure 25. -~ View of combusior interior after completion of studies of solvent 4.
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Figure 26. - View of combustor interior after completion of studies of benzene.
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Figure 27. - Total-pressure drop scross annuler combustor expressed as funetion of denslty ratlo
asross combustor. Scale A, qp based on combustor-inlet cross=-sactional area; seale B, dp

based on meximum combustor eross-sectional area,
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Flgurs 27. - Concluded. Total-pressure drop across annuler combustor expressed as function of denalty
ratio across combustor. Seale A, 4y bassd on oombustor-inlet erosa-sectional areaj scale B, qp

based on maximum combustor cross-sectional area,
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